Precipitation-hardening behavior of various medium carbon bainitic steels with added elements of Nb, Ti and V was systematically investigated. Complex nanocarbides composed of Nb, Ti and V precipitated after aging in the steel with multiple additions of all the elements, whereas those with added individual elements were simple MC types. The amount of precipitation hardening (ΔHv) after aging at 873 K of the former steel was approximately 90 ΔHv, while those of the latter were less than 40 ΔHv at best. Therefore, significant precipitation hardening took place by multiple element addition. The different amount of precipitation hardening depending on added elements was reasonably understood by considering misfit parameters between carbides and ferrite matrix.
Introduction
For machinery parts, such as bolts and gears, medium carbon steels are regularly employed. These steel parts are generally formed to prescribed shapes and designs through thermomechanical processes of hot and/or cold forging, and machining followed by heat treatments for further strengthening. Recently, demands for high strength steels, with their reduction of cost in addition to superior balance of mechanical properties, are increasing.
The dispersion of hard particles should be one of the most effective methods for strengthening. For this purpose, microalloyed steels with dispersed fine carbides are developed and actually employed for machinery parts because of their good balance of formability and strengthening by heat treatment after the forming. It is reported that the dispersion of fine carbides such as VC, NbC, TiC and Mo 2 C is effective for strengthening of low carbon ferritic and martensitic steels [1] [2] [3] .
From the above background, some researches on precipitation-hardened medium carbon steels have been also undertaken. Murase et al. have investigated the precipitation-hardening behavior of medium carbon ferritic steels with single or multiple element additions of V and Cu [4] and have found that precipitation hardening of medium carbon steels is obviously improved by the multiple element addition of V and Cu rather than single additions of each element. Grange et al. precisely examined the effect of alloying elements (such as Mn, P, Si, Ni, Cr, Mo and V) on precipitation-hardening behavior in low and medium carbon steels with tempered martensite [5] and reported that the estimated hardening Hv Estimated could be evaluated by simple summation of the individual hardening effects as follows:
where Hv and ΔHv Mn , ΔHv P , ΔHv Si , ΔHv Ni , ΔHv Cr , ΔHv Mo and ΔHv V are the initial hardness of Fe-C alloy before element addition and the increments in hardness due to the individual element additions. On the other hand, Kosaka et al. investigated the precipitation-hardening behavior in 0.1 C-2.0 Mn steels (in mass %) with tempered martensite and revealed that the increase in precipitation hardening due to complex-composition carbide, t h a ti s ,( M o ,V ) C ,i sl a r g e rt h a nt h o s eb yc a r b ides with simple compositions, that is, Mo 2 C and VC [6] . They have also shown that the effect of carbides with simple compositions on hardening becomes larger in the order of Mo 2 C,VC,TiCandNbC.Theamountofprecipitation hardening would be, therefore, considerably and complicatedly changed depending on the composition of carbide.
Medium carbon steels with bainite are well known for their good balance of mechanical properties of strength and ductility [7] . They are expected to be one of the most useful steels for machinery parts in the future. However, as far as the authors know, few studies on precipitationhardening behavior and the strengthening mechanisms due to Nb, Ti and V additions in medium carbon steels with bainite have been carried out. Here, Nb, Ti and V are the most commonly employed elements for strengthening of low carbon steels as already shown above. In the present study, the effects of compositions of carbides on the precipitation-hardening behavior of medium carbon bainitic steel and the strengthening mechanisms are precisely investigated.
Experimental procedure
Various kinds of medium carbon steels with different compositions, shown in Table 1 , were vacuum induction melted and cast into 15 kg ingots. Steel A is the base sample. In steels B, C and D, elements of Nb, Ti and V, respectively, were further added to the base sample. In steel E, Nb, Ti and V were all added. Mn as well as Mo was added to all the samples to attain bainite microstructure. The casted samples were then hot forged at 1523 K into bars with a diameter of 55 mm. The bars were solution treated at 1523 K for 30 min followed by air cooling down to room temperature. Thereafter, some of the bars were aged for 120 min at various temperatures between 673 and 973 K.
Microstructural observations were carried out using optical microscopy and transmissionelectron microscopy (TEM) on the cross-sections normal to the longitudinal direction of bars and at the positions of the half radius of the bars. Samples for the optical microscopic observation were prepared by mechanical polishing and etching using the nital solution of 3% nitric acid and 97% ethanol. TEM specimens were also prepared by mechanical polishing followed by electrolytic polishing using a solution of 5% perchloric acid and 95% acetic acid. The size, distribution and composition of precipitated carbides were examined by TEM equipped with energy-dispersive X-ray spectroscopy (EDS). The hardness was measured using a microVickers hardness tester. The amount of precipitation hardening (ΔHv) was estimated using the following equation:
ΔH V ¼ Hardness after aging ðÞ À Hardness before aging ðÞ
3. Microstructure and hardness Figure 1 shows the optical micrographs of the microstructure developed in steels D and E after solid-solution treatment at 1523 K for 30 min followed by air cooling, that is, before aging. It can be seen in Figure 1 that a typical acicular bainite microstructure was almost uniformly evolved in both samples. A completely similar microstructure was observed to develop in all the other samples, while they are not displayed here.
The samples were then aged at various temperatures for 120 min and the change in the hardness was measured. Figure 2 shows the summarized results of the amount of precipitation hardening (ΔH V ) as a function of aging temperature. In steels A, B and C, the maximum values of ΔH V were approximately 30. This result indicates, therefore, precipitation hardening due to the additions of 0.019% Nb or 0.039% Ti (see Table 1 ) is quite small. On the other hand, the ΔH V values in steels D and E after aging at 873 K exceeded 40. Moreover, in steel E, the maximum ΔH V value was approximately 90. It should be noted, therefore, that the amount of precipitation hardening in steel E, ΔH V = 90, due to multiple element addition, is significantly larger than those in steels B, C and D with the single element additions. When the values of ΔH V at 873 K are compared, it in steel E is larger than the summation of the ΔH V values of Chemical compositions in mass% of tested medium carbon bainitic steels.
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The developed precipitates were examined by TEM. Figure 3 shows the typical TEM photographs of steels D and E after aging at 873 K for 120 min. In steel D, fine disk-shaped precipitates of 8 nm in diameter in average were distributed (Figure 3(a) ). On the other hand, in New Uses of Micro and Nanomaterialssteel E, slightly finer disk precipitates of approximately 5 nm in diameter were observed ( Figure 3(b) ). The size of precipitates in steel E looks more homogeneous than that in steel D. The moiré fringes due to the lattice misfit between the precipitates and matrix were also observed. High-resolution TEM observation of the precipitates in steel E revealed the presence of misfit strain at the edges of them indicating coherency of precipitate/matrix interface ( Figure 3(c) ). It is reported that the critical size of MC-type carbides to keep coherency with matrix is approximately 5 nm and the loss of coherency derives a decrease in shear stress for dislocation to bypass the precipitates [3] . Even while the precipitates in steels A, B and C were not observed using TEM, the lower hardness of these steels than those of D and E (see Figure 2) should be affected by coherency loss of coarse MC-type carbides as observed in steel D. 
Bypass mechanism and hardness
Precipitation-hardening behavior in medium carbon bainitic steels with added elements of Nb, Ti and V were precisely investigated. It was found that the amount of precipitation hardening became larger by the multiple element additions of Nb, Ti and V than the single addition of each element. Hardness changes due to change in dislocation bypass mechanism of particles. Even while hardness changes also depending on volume of the dispersed particles, the total amounts of particles contained in the present steels are assumed not largely different. The mechanisms of the change in the amount of precipitation hardening due to multiple element addition are precisely discussed below.
Dominant dislocation-bypass mechanism
There are two well-known mechanisms of dislocation to pass through particle at ambient temperature, that is, the Orowan [9] and the cutting mechanisms [10] , which control threshold stress for dislocation motion in the particle-bearing materials. Their activation and role during plastic deformation change sensitively depending on precipitate size. Takaki has estimated the critical particle diameter for the cutting mechanism to be 7-10 nm at maximum for the MC-type carbides such as NbC, TiC and VC, whereas the Orowan mechanism can activate at ranges of 7-10 nm and over [11] . The precipitation size observed in the present study is approximately 5-8n mi n average ( Figure 3) .
When a gliding dislocation is pinned by a dispersed particle, the increase in the tensile stress (Δσ) can be expressed by the following equation [12, 13] :
where G is the shear modulus of matrix, b is the Burgers vector, λ isthemeanparticlespacing,θ is the bowing angle between the dislocation and the straight line that connects two particles, and β is a constant composed of Taylor's factor and the coefficient of shear stress, for which the value is approximately 3.2 [14] . The values of λ in steels D and E were measured by TEM observation to be 20 nm and 10 nm, respectively. The values of G and b are 80 GPa and 0.25 nm [14] , respectively. Assuming that the tensile stress is empirically evaluated by one third of the hardness [13] , the increase in the tensile stress (Δσ) of steels D and E can be estimated as 120 and 270 MPa, respectively, from their increase in hardness (ΔHv) 40 and 90 by aging. Finally, the θ values in steels D and E can be calculated using Eq. (3) to be approximately 2.1 and 2.4 , respectively. These values are much smaller than those of particle/dislocation interaction by the Orowan mechanism, which shows a characteristic θ value of approximately 90 [12] . The Orowan mechanism should be, therefore, not activated as the dominant dislocation bypass mechanism in the present samples.
When the carbides were examined precisely by TEM, a typical contrast owing to coherent strain as well as Moiré fringe was observed (Figure 3) . This indicates the presence of misfit strain due to interface coherency between carbides and matrix. Miura et al. have experimentally shown that dislocation passes through incoherent particles by the Orowan mechanism and coherent particles by cutting mechanism, and the latter deformation stress is higher than the former one [15] . From the above arguments, the activated dislocation-bypass mechanism is concluded as a cutting mechanism irrespective of the present samples. The dominant dislocation bypass mechanism is closely related with the deformation stress [15] . However, it is revealed from the above argument that the bypass mechanism itself should not cause the change in hardness in the present samples. Nevertheless, according to the criteria proposed by Takaki [11] , activation of the Orowan mechanism might be partially activated for such inhomogeneously and largely coarsen precipitates observed in Figure 3(a) .
Origin of higher hardness due to complex carbides
Gerold and Haberkorn have theoretically shown, considering the lattice misfit parameter at precipitate/matrix interface, that the increase in shear stress (Δτ 0 ) due to dislocation detachment from precipitate is expressed by
where k is a constant, f is the volume fraction of precipitates, r is the radius of the precipitate [10] , ε is the lattice misfit parameter between the precipitate and matrix and ε is approximately 2/3 of the lattice misfit δ [16, 17] :
and δ is expressed by
where d p and d m are the lattice constants of precipitate and matrix, respectively [10] . Eq. (4) indicates that the shear stress (Δτ 0 ) increases with increasing misfit parameter, size and volume fraction of precipitates.
The complex carbides of (Nb, V)C and (Ti, V)C are known to be continuous solid solution over the entire composition range [18] . The lattice constant d p of the complex carbide such as (Nb, V)C, (Ti, V)C and (Nb, Ti, V)C is proportional to the composition and estimated by the following equation [19] :
where i denotes the alloying element (i.e., Nb, Ti and V) to compose carbide, and n i and d i are the expediently estimated fraction of each carbide and the lattice constant, respectively. In the present study, d p and d m correspond to the lattice constants of {001} MC of carbide and of {011} α of ferrite [8] .
Change in the lattice misfit parameter between the matrix and carbide could be evaluated using Eqs. (5)- (7). The calculated misfit parameter (ε) of (Nb, V)C and (Ti, V)C is displayed in Figure 4 . It is clear that the misfit parameter (ε) of the complex carbides (Nb, V)C and (Ti, V) C is larger than that of VC though smaller than those of NbC and TiC. Misfit parameter of (Nb, Ti, V)C complex carbide must be also linearly changed sensitively depending on the chemical composition.
In the same way, the lattice constant of (Nb, Ti, V)C complex carbide as well as the other carbides was determined. For this purpose, for an example of steel E, the chemical composition of the complex carbide at 873 K (i.e., aging temperature) was calculated to be (Nb 0.03 ,T i 0.12 , V 0.85 )C in atomic fraction by means of the "Thermo-Calc" software using the chemical composition in Table 1 . Figure 5 summarizes the calculated lattice misfit parameters (ε) of the carbides precipitated in the tested samples. It is evident that the misfit parameters (ε) of (Nb, Ti, V)C is greater than that of VC and smaller than those of NbC and TiC.
Miyamoto et al. have suggested that precipitation hardening (ΔHv) due to carbides can be converted into increase in shear stress (Δτ 0 ) by using the Taylor's factor of 2.08 in nontextured bcc metals by the following equation [20] :
Equation (8) indicates that the value of Δτ 0 is proportional to precipitation hardening (ΔHv). Actually, Ronay has investigated precipitation-hardening behavior in low carbon steels and shown a linear relationship between shear stress (Δτ 0 ) and hardness (ΔHv) due to TiN precipitation [21] . She also reported that the increase in the hardness and, therefore, shear stress due to TiN precipitation could be reasonably understood by the quantitative estimation based on the cutting mechanism.
The amount of precipitation hardening (ΔHv) of the tested samples can be estimated from Eqs. (4) and (7):
The constant k in Eqs. (4) and (9) is reported to be approximately 1-3 [22, 23] . The precipitation hardening (ΔHv) by addition of 0.5 mass% Mo was quite small (Figure 2) . Furthermore, Mo carbides were not detected by TEM observation in all the samples. From these reasons, the effect of Mo carbides on precipitation hardening can be excluded from the estimations. Therefore, carbides that mainly contribute to precipitation hardening in steels B, C, D and E are NbC, TiC, VC and (Nb, Ti, V)C, respectively. mechanism for dislocation to pass through carbides. On the other hand, in steels B and C, the measured ΔHv values were far from the calculated data. This could be because of the misfit dislocations that were produced aroun dt h ec a r b i d e st or e d u c et h em i s f i ts t r a i n between carbides and matrix, since the misfit parameter (ε) of NbC and TiC is very large. Hence, precipitation hardening in steels B and C would not be understood simply by the cutting mechanism only presumably because of the loss of coherency between the coarsen carbides and matrix. Reduction of ΔHv, therefore, took place because of a loss of coherency at the carbide/matrix interface [15] . Loss of coherency at the interface is well known to appear by coarsening [24, 25] and large lattice misfit strain [26] . Hence, complicated dislocation-bypass mechanisms could be activated depending on the size of precipitates in steels B and C.
Conclusions
The precipitation hardening due to complex carbides in medium carbon bainitic steels was investigated. The yielded results are as follows:
1. Small amount of additional elements can cause drastic change in the structures and chemical compositions of nanocarbides dispersed in steels, which induce conversion in dislocation bypass mechanisms to improve mechanical properties. using experimental data of the present steels, which are exhibited by symbols. For comparison, the relationship derived from Eq. (9) is also shown by dotted lines with k constants of 1 and 3.
2. The amount of precipitation hardening in medium carbon bainitic steel with multiple element additions of Nb, Ti and V was larger than those in steels with single additions of these elements.
3.
The dominant dislocation-bypass mechanism at room temperature of VC and (Nb, Ti, V)C carbides with a diameter approximately of 5-8 nm is the cutting mechanism, whereas that of NbC and TiC carbides appears different.
4.
The difference in the amount of precipitation hardening could be reasonably understood by the lattice misfit parameter between carbide and matrix.
5.
Cutting mechanism would not be dominant when the precipitate/matrix misfit parameter and size of carbides become large enough due to loss of coherency.
